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Tropical coral reef-lined coasts are exposed to storm wave-driven flooding. In the
future, flood events during storms are expected to occur more frequently and to be
more severe due to sea-level rise, changes in wind and weather patterns, and the
deterioration of coral reefs. Hence, disaster managers and coastal planners are in
urgent need of decision-support tools. In the short-term, these tools can be applied
in Early Warning Systems (EWS) that can help to prepare for and respond to impending
storm-driven flood events. In the long-term, future scenarios of flooding events enable
coastal communities and managers to plan and implement adequate risk-reduction
strategies. Modeling tools that are used in currently available coastal flood EWS and
future scenarios have been developed for open-coast sandy shorelines, which have only
limited applicability for coral reef-lined shorelines. The tools need to be able to predict
local sea levels, offshore waves, as well as their nearshore transformation over the reefs,
and translate this information to onshore flood levels. In addition, future scenarios require
long-term projections of coral reef growth, reef composition, and shoreline change. To
address these challenges, we have formed the UFORiC (Understanding Flooding of
Reef-lined Coasts) working group that outlines its perspectives on data and model
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requirements to develop EWS for storms and scenarios specific to coral reef-lined
coastlines. It reviews the state-of-the-art methods that can currently be incorporated
in such systems and provides an outlook on future improvements as new data sources
and enhanced methods become available.
Keywords: coral reef, coast, flooding, sea level, waves, Early Warning System, climate-change scenarios
INTRODUCTION
Tropical coral reef-lined coasts are becoming increasingly at
risk of local and remotely generated wave-driven flooding.
The frequency and severity of these flood events differ
regionally depending on local variability and trends in the
hydrodynamic forcing such as mean sea level, storm occurrence,
and wave climate (e.g., Vitousek et al., 2017a; Reguero et al.,
2019). While these challenges are universal for all types of
coastlines, communities of reef-lined coasts are facing additional
challenges. Firstly, coral reefs are living bio-geomorphic systems
whose structure and function highly depend on their health.
Globally, reef health is under threat from local stressors, ocean
acidification, and global warming (Hoegh-Guldberg et al., 2017;
Hughes et al., 2017). The deteriorating state of reefs reduces
their natural coastal protection function (Sheppard et al., 2005;
Ferrario et al., 2014; Beck et al., 2018) because reefs with reduced
structure attenuate less waves (Harris et al., 2018) and because
effective reef depth increases through a combination of sea-
level rise, slowing rates of vertical reef accretion (Perry et al.,
2018), and dredging of reefs for building material as practiced
in some island nations. Secondly, when human dwellings and
critical infrastructure are located within low-lying coastal plains
or atoll rims (e.g., Kumar and Taylor, 2015; Owen et al., 2016),
islands are highly vulnerable to flooding events (Beetham and
Kench, 2018) with limited options for retreat to higher grounds.
Reef-lined coasts can be exposed to highly energetic locally
generated wind-sea when they are located within the area of
influence of tropical cyclones but also to remotely generated
ocean swell (Hoeke et al., 2013). For reef-lined islands exposed
to tropical storms (particularly, those situated on a shallow
continental shelf), flood levels are further aggravated by high
storm-surge levels.
Recent events such as Typhoon Haiyan (Roeber and
Bricker, 2015) and widespread flooding of islands due to
remotely generated swell in the western Pacific (Hoeke et al.,
2013) highlight the need to warn the public of impending
coastal flooding events. Short-term forecasts (typically up to
7 days) produced by an Early Warning System (EWS) allow
local authorities to issue timely warnings and to coordinate
preparedness and evacuation measures, which ultimately reduces
risk to lives and assets. Such systems have been implemented in
sandy coast environments (e.g., Kleermaeker et al., 2012), but
reef-lined coasts demand different modeling approaches due to:
(1) the relatively larger importance of infragravity waves (see
Bertin et al., 2018 for a recent review on infragravity waves),
(2) increased setup over the reef due to its structure (Buckley
et al., 2016), and not yet well understood (3) wave breaking
on the forereef and (4) reef development, sediment production,
and reef-to-shore transport, and (5) the development of the
(sedimentary) coastline.
In the next decades, the frequency and severity of extreme
sea-level events is predicted to increase, particularly along low-
latitude coastlines (Wahl et al., 2017; Vousdoukas et al., 2018).
Extreme events may damage both natural and built infrastructure
immediately, while less severe but frequent marine flooding may
cause salt water contamination of the fresh water lenses, leaving
them unusable for human consumption and agriculture. Without
adaptation the lack of water and food security is anticipated to
be a primary driver that renders many coral reef-lined coasts
uninhabitable (Storlazzi et al., 2018). Where coastal adaptation
is not feasible, communities will be forced to migrate landward
or to relocate elsewhere, potentially causing significant cultural
and societal impacts. Building resilience into natural, built, and
socio-economic systems requires adequate time for planning
and implementation. Understanding future changes in waves and
extreme sea levels and resultant flood hazards are key to inform
effective coastal adaptation in the long-term (several decades).
Hazard scenarios need to provide projections of sea level rise and
coral reef state that are long enough to detect trends amongst
the annual and decadal variations that will dominate regional sea
levels over the next two decades (Wahl et al., 2017).
The development of accurate EWS to forecast short-term
coastal hazards and scenario modeling capabilities to project
long-term impacts of climate change is critical to support local
managers and planners with adequate decision support tools
to reduce the current and emerging risk of coastal flooding.
At present, numerous factors hinder the development of EWS
and long-term modeling tools: Reef-lined coasts remain under-
represented in terms of in situ data collection and there is a
lack of fundamental data on reef morphology, island topography,
local sea level, and nearshore wave climate (particular under
extreme conditions); and islands are often below the resolution of
global models, with little to no higher-resolution regional models
available in most of the world. Here, we outline approaches to
construct these modeling tools with currently available methods
and data and we provide an outlook on potential improvements
to these tools as new data and methods become available and
point out key research gaps to address.
BACKGROUND: APPROACHES TO
STORM-DRIVEN COASTAL FLOOD
MODELING FOR REEF-LINED COASTS
The processes to consider for coastal flooding in a short-term
forecast (1–3) and a future scenario (1–5) include: (1) sea level
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(tidal and non-tidal residuals); (2) offshore wave conditions; (3)
nearshore waves and wave-driven water levels; (4) reef accretion,
sediment production and reef-to-shore transport; and (5) the
development of sedimentary coasts (Figure 1).
Modeling Requirements and Available
Tools
In the following, we first outline the steps required to build an
EWS suited to predict flooding on short-time scales and then
we describe the requirements to model projections of future
flooding for different climate-change, socio-demographic and
coastal management scenarios.
EWS Methodology (Short-Term Predictions, on the
Order of Days)
Most of the individual components required to develop a simple
prototype EWS for coastal flooding along reef-lined coasts are
already available. An EWS needs to link four of the five modules
illustrated in Figure 2 that forecast: (1) sea level (tidal and non-
tidal residuals); (2) offshore wave conditions; (3) nearshore waves
and wave-driven water levels; (5) coastal flooding; and in more
sophisticated models (4) event-driven sediment transport. We
next outline the individual modules and the data requirements
that are essential to build an EWS.
The local tidal levels for a prototype EWS can presently be
predicted through harmonic analysis using tidal constituents
derived from tide gauges. For remote locations without tide
gauges, tidal water levels are extracted from global tide
models that typically integrate satellite altimetry such as
FES2014 (Carrere et al., 2015) or TPXO (Egbert and Erofeeva,
2002). More accurate sea-level forecasts need to incorporate
sea-level anomalies due to ocean circulations, which are
provided operationally on a global and regional scale by an
increasing number of institutions (Tonani et al., 2015). Recent
developments in the modeling of sea-level anomalies allow even
seasonal outlooks (McIntosh et al., 2015) with better skill when
results from multiple forecast models are combined (Widlansky
et al., 2017). In the long term, technological advances in satellite
technology, such as Sentinel-3 (ESA, 2019), ICESat-2 (NASA,
2019b) and the SWOT satellite mission that is to be launched
in 2021 (NASA, 2019b), will eventually be able to provide sea-
level observations at high spatial resolution and in real-time to be
used for data assimilation in operational systems as, for example,
currently employed in Lellouche et al. (2018).
Offshore wave heights can currently be provided by
operational global wave models such as WaveWatch-III
(WW3; Tolman, 2009). Local effects including wave refraction,
diffraction, and locally generated wind-sea (e.g., due to tropical
cyclones) can be accounted for through regionally downscaled
models that make use of numerical techniques such as SWAN
(Booij et al., 1999), analytical functions based on linear wave
theory, or empirical methods. All downscaling techniques require
accurate bathymetry and validation data. More so than in other
environments, phasing and directional spectral information
of the wave field are important because they influence wave
generation in the infragravity (IG) and very low frequency (VLF)
bands, which can excite resonance over reef platforms and cause
flooding (Péquignet et al., 2009; Roeber and Bricker, 2015). The
spectral information to accurately estimate IG and VLF motions
may be available from satellites in the future when data from
improved satellite altimeters (e.g., SWOT) can be combined with
directional spectral data derived from Synthetic-Aperture Radar
(SAR) satellite observations (Le Traon et al., 2015). This would
improve wave observations currently limited to significant wave
heights (e.g., from Sentinel-3).
The output of the offshore wave module is fed into the
nearshore module to estimate extreme water levels at the
shoreline, for example using the parameterization by Merrifield
et al. (2014). As coastal flooding can also be related to wave
run-up and overtopping rather than only mean water levels
at the shoreline, an improved nearshore wave module would
predict wave run-up levels from offshore wave data (e.g.,
from WW3), for example, using probabilistic or deterministic
models such as BEWARE (Pearson et al., 2017) or HyCReWW
(Rueda et al., 2019). These models of run-up are parameter-based
and require most importantly characteristic reef dimensions
such as reef width, depth, slope, and hydrodynamic roughness
(reef complexity and/or coral cover) that can be extracted from
satellite imagery or automated remote sensing algorithms (e.g.,
Dekker et al., 2011; Chirayath and Earle, 2016). In the long-term,
increasing computational capacity will enable the use of dynamic
process-based transect (1D), two-dimensional (2D-horizontal) or
fully 3D models in the nearshore module that can also include
event-driven sediment and coral rubble transport and resultant
morphological updates (Vila-Concejo and Kench, 2017).
In the flood module, the water levels and wave run-up levels
from the nearshore module will need to be translated into a
meaningful site-specific measure of flooding. Local topographic
surveys (e.g., LIDAR) are not available or not in a standardized
elevation datum for most reef-island locations. Without these
data, water and wave run-up levels can be referenced to the
highest high-water level or other benchmark so that end-users
can judge the severity of a flood event based on experience.
This local knowledge can be systematically surveyed and used in
combination with a hindcast of key past events to forecast the
likely extent and inundation height of a future flooding event.
Globally available topographic data sets such as SRTM (NASA,
2019a) and derived products that improve vertical accuracy (e.g.,
Kulp and Strauss, 2018) still have insufficient spatial resolution (3
arcseconds) to resolve pathways for flood waters (e.g., channels
and small-scale depressions). In the future, improved remote
sensing techniques from such satellites as ICESat-2 will provide
higher resolution and more accurate topographic and nearshore
bathymetric data for detailed flood mapping.
Scenario Methodology (Long-Term Projections, on
the Order of Decades)
In order to evaluate different future scenarios of waves and
sea-level extremes, modeling capabilities need to be developed
to make projections of expected flood levels for the coming
decades under these scenarios. These should be key inputs for
sustainable coastal adaptation planning that reduce expected sea-
level rise impacts. The projection modeling suite will require
information from the four modules essential for an EWS (sea
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FIGURE 1 | Processes relevant to wave-driven coastal flooding, from offshore to onshore: 1. Sea level. 2. Offshore wave conditions. 3. Nearshore waves and
wave-driven water levels. 4. Reef development, sediment production, and reef-to-shore transport. 5. Coastline development. The table lists the key drivers of
flooding for each of component.
level, wave climate, nearshore wave transformation, and water
level over future reef structures). In addition to these data, future
projections need to account for the state of reef health, carbonate
sediment production and lagged transport to the coastline (“4”
in Figure 2). Coral reefs exhibit natural variation but ocean
warming (Hughes et al., 2017) and local stressors such as land-
based sources of pollution, over fishing and disease (e.g., Ban
et al., 2014) change reef morphology due to mortality, species
selection, and modified growth rates. Thus, projections will need
to evaluate different scenarios of climate change (related to
ocean warming and rainfall) and socio-economic developments
to account for differences in species assemblage, coral cover
(and physical roughness), carbonate sediment production, and
vertical reef accretion rates that combined with sea level
projections determine future reef depths and consequently the
coastal protection function of reefs (e.g., Ferrario et al., 2014;
Quataert et al., 2015).
Global and regionally downscaled sea-level projections have
already been developed (e.g., Kopp et al., 2017), but need
to be further downscaled to account for local trends where
regional sea-level trends are incoherent as, for example, in the
Caribbean (Torres and Tsimplis, 2013). Improved downscaling
techniques must include both gradual and episodic vertical land
motions, ice-melt fingerprints, and other physical processes (e.g.,
Kopp et al., 2014). Likewise, global and regional wave-climate
projections are already available (e.g., Hemer et al., 2013), but
also need to be statistically or dynamically downscaled to a
local level. The offshore water level and wave climate can be
used in parametric models to transform waves to the nearshore
and to calculate water level and wave run-up at the shoreline.
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FIGURE 2 | Modules required to develop (top) a coastal flood Early Warning System (EWS) and (bottom) a scenario modeling tool, which can be implemented
immediately (now), in the near-term, and in the long term. Blue boxes on the right describe key data gaps that need to be filled to develop the next generation of
EWS or scenario modeling tool.
These parametric models can produce a large set of scenarios to
address uncertainties in sea-level and wave-climate projections
and to identify key scenarios that can be evaluated with dynamic
two-dimensional models. More sophisticated nearshore models
need to include local wave growth and hence require wind
fields downscaled from global projections. Future scenarios also
need to account for changes and uncertainties in coral-reef
morphology and species assemblages, which determine wave
dynamics on reefs (Baldock et al., 2014) and ultimately nearshore
water levels and wave run-up (Quataert et al., 2015).
Simple projections of future flooding often apply a
“morphostatic” approach that neglects future shoreline
adjustments in response to altered reef states. Application
of the simple Bruun (1962) rule to predict beach profile changes
in response to sea-level rise are hardly valid because the concept
of a “closure depth” developed for open sandy coastlines is
not relevant for reef-lined coastlines (Cowell and Kench,
2001). More sophisticated predictive models that account for
sediment production and sinks specific to reef-lined coasts
will require data on historic shorelines, as well as sediment
coring and dating to understand trends in sediment production
and accumulation through time (Perry et al., 2018), especially
over the past few decades where the impact of recent sea-level
rise in many portions of the tropical Pacific Ocean (Becker
et al., 2012) can be used to better project future changes. Such
models also need to include anthropogenic interventions such
as engineering structures that impact upon future shoreline
development. Recently, long-term shoreline evolution models
have been developed for open-coast sandy beaches with simple
configurations (e.g., Vitousek et al., 2017b; Robinet et al., 2018;
Antolínez et al., 2019), yet, few studies (e.g., de Alegria-Arzaburu
et al., 2013) exist for coral reef-lined beaches, especially at
longer time scales. While existing studies of wave-driven
evolution of perched beaches might represent a suitable proxy
for reef-lined coasts either the dimensions of the submerged
barriers are not consistent with coral reefs (e.g., González
et al., 1999), the potential effect of infragravity waves has not
been considered and/or they provide only conceptual models
(e.g., Gallop et al., 2012).
Finally, for such a projection modeling suite to be of
value to coastal planners and decision-makers, a selection of
relevant scenarios of climate change, sea-level rise, and (local)
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socio-economic development is essential to assess different
management options.
Overall, future advances in EWS and scenario modeling
capabilities may mainly follow from (1) enhanced
computational capacity resulting in the use of models
that incorporate more physical processes, (2) better
parameterization of small-scale processes in these models,
(3) improved topographic-bathymetric data, and (4) the
integration of more observational data, which may be
sourced through remote sensing, low-cost monitoring or
citizen science. Detailed data requirements for these future
advances are:
• Better spatial coverage with tide gauges, particularly with
co-located GPS receivers that identify local land subsidence
or uplift at the shoreline;
• Better coverage with wave buoys, especially in the southern
hemisphere;
• Nearshore bathymetry between the 100 and 10 m isobaths
for downscaling of wave data;
• Direct observations of wave run-up to improve our
understanding of the physical processes relevant to run-up
onshore of coral reefs and to calibrate and validate models,
particularly during extreme events;
• High (approximately 2 m horizontal) spatial resolution
bathymetry and topography between 10 m depths and 10 m
land elevations; as well as habitat maps for wave modeling
and forecasting of absolute flood levels and extents; and
• Historical analysis of flood events and impacts to validate
EWS.
To develop more accurate forecasts tools, research needs to
address the following knowledge gaps:
• Improved downscaling techniques for offshore waves,
possibly through development of machine-learning
algorithms, to downscale global wave projections (not
unique to reef-lined coasts);
• Better estimates of vertical reef growth rates under different
ecological states of the reef to project future water depth on
the reef with sea-level rise, which is a governing parameter
for wave dissipation over the reef and wave run-up at the
shoreline;
• Quantification of carbonate sediment production and
transport, which is still little researched but important for
projections of shoreline configurations.
• Physically based roughness parameterization from coral
cover and reef benthic complexity in dynamic models
because current models simply scale friction formulations
developed for sandy beds and do not account for energy
dissipation within the coral canopy;
• Better understanding of wave breaking over reefs, which has
been little researched due to the difficult instrumentation of
the surf zone on reefs but which controls wave setup, VLF
and IG motions, residual sea-swell wave heights onshore of
the reef, and wave run-up;
• Better understanding of the importance of infragravity,
very-low frequency waves, and seiching to flooding
along reef-lined coasts, which has been documented for
selected extreme events (e.g., Péquignet et al., 2009;
Roeber and Bricker, 2015) to inform the selection of an
appropriate nearshore wave model;
• Better understanding of the importance of two-dimensional
wave processes that can drive alongshore variability in wave
run-up in coral reef-lined coastlines to evaluate the need for
a fully two-dimensional nearshore model.
WAY FORWARD
To address the urgent need for coastal flooding EWS and
future scenario modeling tools, the UFORiC (Understanding
Flooding Of Reef-lined Coasts) working group has been
established. This group has committed to meet regularly
to advance and update work plans. The ultimate goal of
this working group is to develop the tools and research
that aid disaster risk management and climate change
adaptation in coral reef-lined coasts. A priority of UFORiC
is to establish links with national meteorological services
and emergency managers, as well as other stakeholders
such as development banks and insurance companies. The
development of EWS and scenario modeling tools requires
a multi-disciplinary research effort, and thus the UFORiC
working group includes leading coastal engineers, physical
oceanographers, geologists, geographers, ecologists, remote-
sensing specialists, and climate-change scientists. The effective
implementation of these tools would be aided by training
on data acquisition, management and interpretation (e.g.,
Cambers and Diamond, 2010).
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